Overlapping stents are widely used in vascular stent surgeries. However, the rate of stent fractures (SF) and in-stent restenosis (ISR) after using overlapping stents is higher than that of single stent implantations. Published studies investigating the nature of overlapping stents rely primarily on medical images, which can only reveal the effect of the surgery without providing insights into how stent overlap influences the implantation process. In this paper, a finite element analysis of the overlapping stent implantation process was performed to study the interaction between overlapping stents. Four different cases, based on three typical stent overlap modes and two classical balloons, were investigated. The results showed that overlapping contact patterns among struts were edge-toedge, edge-to-surface, and noncontact. These were mainly induced by the nonuniform deformation of the stent in the radial direction and stent tubular structures. Meanwhile, the results also revealed that the contact pressure was concentrated in the edge of overlapping struts. During the stent overlap process, the contact pattern was primarily edgeto-edge contact at the beginning and edge-to-surface contact as the contact pressure increased. The interactions between overlapping stents suggest that the failure of overlapping stents frequently occurs along stent edges, which agrees with the previous experimental research regarding the safety of overlapping stents. This paper also provides a fundamental understanding of the mechanical properties of overlapping stents.
Introduction
Vascular stenting is widely used clinically with excellent clinical outcomes for the patient. Among various forms of cardiovascular stent surgeries, the overlapping stent technique has been frequently used to avoid incomplete stenting and secondary implantation [1] [2] [3] . In a study by Yamada and Koizumi [4] , 102 consecutive sirolimus-eluting stents (SES) were implanted in 83 lesions, with 43 SES as multiple overlapping stents. The work of Ruchin et al. [5] reported 318 patients with long coronary lesions (length no smaller than 34 mm) that had implantation of multiple overlapping SES. And a clinical trial by R€ aber et al. [6] found that drug-eluting stent (DES) overlap occurred in more than 10% of patients undergoing percutaneous coronary intervention in routine clinical practice.
However, SF and ISR occur more frequently when the overlapping stent technique is used. In two out of three SF cases reported by Yamada and Koizumi [4] , fractured stents occurred in longer overlapping stented segments. Kang et al. [7] reported multiple stent fractures of overlapping paclitaxel and sirolimuseluting stents, which showed that the fracture of paclitaxel-eluting stents could occur by similar mechanisms to overlapping SES. And according to a trial studied by Nakazawa et al. [8] , overlapping stents fractured at a rate of 45%, compared to 22% with a single stent, which was documented in 51 lesions.
Currently, the characteristic behavior and response of overlapping stents were mainly obtained through clinical studies that relied on medical imaging techniques, such as intravenous ultrasound (IVUS) [9] [10] [11] , angiography, and computed tomography (CT) [12, 13] . These studies focused on changes in stent shape and surgical outcomes, but have not revealed the mechanism of overlapping stents. And no studies have quantified the mechanical properties of overlapping stents, which are important for the optimization of the design and implantation of overlapping stents.
Computational modeling is a useful tool for investigating stent implantation that could address this knowledge gap. Currently, the finite element method (FEM) is mainly applied to study stent expansion pressure, axial contraction, flexibility, the "dog bone" phenomenon, stent-balloon interactions, and interactions between stents and vascular plaque [14] [15] [16] [17] [18] [19] [20] . In 2008, De Beule et al. first reported a FEM-based stent simulation using ABAQUS/EXPLICIT with a true folded balloon [15] . Later, researchers began to consider finite element simulations with real balloon and coronary arteries models based on medical images [19] . Some researchers also took hemodynamic factors into account when studying the mechanical properties of vascular stents and the interactions between the stent and vascular tissue [21, 22] .
However, no FEM study has investigated overlapping stents. Compared to a single stent, the interaction forces between overlapping stents lead to a higher ratio of SF and IRS probability. 1 Therefore, it is useful to study overlapping stent failure mechanisms by researching the mechanical interaction between overlapping stents. Thus, the aim of this paper is to develop a finite element model to investigate the mechanical properties of overlapping stents. The detailed interactions between two overlapping stents were studied and the risk factors of SF under overlap conditions were predicted.
Method and Materials
In this study, four different cases based on different overlapping distances, angles, and balloon types were studied. Each case included two stents and two balloons. The details of the computational models are summarized in this section.
Overlapping Stent Model.
In order to describe the stent overlap process, the first implanted stent is referred to as stent 1 (as shown in Fig. 1 ) and the related balloon is referred to as balloon 1, similarly for stent 2 and balloon 2.
As shown in Fig. 1 , the overlapping distance was defined as distance between the ends of stent 1 and stent 2 that are in closest proximity, and the overlapping angle was defined as the angle between two adjacent heads of the stents. The overlapping distance was chosen as 3 mm, 3 mm, 1.5 mm, and 3 mm for the four cases studied. The overlapping angle was varied from 0 deg to 30 deg.
Based on overlapping distance, overlapping angle, and balloon types, four different study cases were defined (see Table 1 ).
In each of the study cases, stent 1 and stent 2 were both Cypher TM -like stents, as shown in Fig. 2 . Semicompliant balloons were used in cases 1-3, while fully compliant balloons were used in case 4.
Model Geometry and Mesh.
The balloons had a length of 18 mm, diameter of 3 mm, and thickness of 0.05 mm when fully deflated. Two typical clinical balloons were chosen: one is a semicompliant balloon, which was modeled as an isotropic, linear-elastic material with Young's modulus of 900 MPa [16] ; the second was a fully compliant balloon which was modeled as an isotropic, linear-elastic material with Young's modulus of 300 MPa [23] .Poisson's ratio of 0.30 and density of 2000 kg/m 3 were used for both balloons.
The balloons were meshed using four-node membrane elements with reduced integration and hourglass control (ABAQUS element type M3D4R). The total number of elements for each balloon was 9120, which was based on mesh sensitivity studies [16] .
The balloon was initially compressed in an explicit simulation by applying a negative pressure of 0.01 MPa to its inner surface, with proximal and distal ends fully constrained, see Fig. 2 . The balloon had a 1.0 mm outer diameter at the end of the deflation process. The deflated balloon was then inserted inside the stent.
The stent used in this study was selected to mimic the Cypher TM stent because many researchers reported that Cypher TM stents were more commonly observed to fracture in the clinic, especially under overlapping stent conditions [5, 10, 11] . The stent was a typical closed-cell design with four loops along the axial direction and six struts in each loop. As shown in Fig. 3 , the stent length was 6.90 mm, the inner diameter was 1.45 mm, and the strut thickness was 0.1 mm. The stent was modeled as Co alloy, using an elasto-plastic constitutive model with linear isotropic and kinematic hardening. The material properties of the stent are provided in Table 2 .
Eight-node linear brick, reduced integration elements with hourglass control (ABAQUS element type C3D8R), were used to mesh the stent. The total number of elements was 22,701, which was based on mesh sensitivity studies [24] . Images of the stent mesh are provided in Fig. 3 .
Simulation
Steps and Boundary Conditions. The process of modeling stent overlap was divided into five simulation steps, as shown in Fig. 4 . The load and simulation time for each step is also provided in Fig. 4 . The load steps were as follows:
Step 1: Compress stents onto the folded balloons and release the load This step was a pretreatment step, where each end of the stent was constrained in the circumferential direction and a radial displacement of 0.25 mm was applied on the outer surface to compress each stent onto the balloon. The outer diameter of outer stent was about 1.2 mm after recoil.
Step 2: Dilate stent 1 using balloon 1 In this step, a load of 1.4 MPa, which is within the range of suggested clinical data [18, 20] , was applied on the inner surface of balloon 1. The two ends of balloon 1 were constrained in all the directions and the two ends of stent 1 were constrained in the circumferential direction. All the degrees-of-freedom for stent 2 and balloon 2 were constrained in this step. The load applied on the inner surface of balloon 1 was gradually released during this step.
Step 3: Withdraw balloon 1 and then deliver stent 2 Balloon 1 was withdrawn from stent 1 after the applied pressure reached zero. The two ends of stent 1 were constrained in the circumferential direction. An axial displacement of 10 mm was applied to balloon 1 so that it could be fully withdrawn from stent 1. One of the overlapping distances listed in Table 1 was applied as an axial displacement for stent 2. As shown in Table 1 , the overlapping angle in the four different study cases was applied by rotating stent 2 in the circumferential direction before delivering stent 2. In the simulation process, the two ends of stent 2 were constrained in the circumferential direction and balloon 2 was constrained completely.
Step 4: Deliver balloon 2 All the degrees-of-freedom in the model were constrained in this step, except for the axial displacement of balloon 2. The overlapping distance in the four different study cases was applied as an axial displacement of balloon 2.
Step 5: Inflate balloon 2 The two ends of balloon 2 and stent 1 were constrained in the circumferential direction. The boundary conditions for stent 2 were as described for stent 1 in step 2. Stent 2 was expanded using an applied pressure of 1.4 MPa on balloon 2, the load on balloon 2 was slowly decreased to zero after inflation. Balloon 1 was completely constrained during this step. In this work, a surface-to-surface contact algorithm was selected to model nonlinear contact in all the steps. A Coulomb friction model was used to model frictional contact between the balloon and stent, as well as the stent and artery. A value of 0.1 was utilized for the entire simulation [19, 20] .
Due to the highly nonlinear compression/expansion behavior of the balloon and stent, a quasi-static analysis was performed using ABAQUS/EXPLICIT. The simulation time was extended in order to maintain the ratio of kinetic energy to the total strain energy under 5% in each step, resulting in a total simulation time of 33 s. The relationship between simulation time and applied loads is summarized in Fig. 4 . Figure 5 shows the deformation of overlapping stents for the four study cases upon completion of all the simulation steps. In each case, the contact patterns of overlapping stents were primarily main strut-main strut, main strut-bridge strut, and bridge strut-bridge strut.
Results
In each case, there were many contact pairs in different positions. Compared with studying contact pairs one by one, it was more effective and convenient to compare the contact patterns, overlapping stents interaction mechanism, and contact pressure distribution in different study cases. Transactions of the ASME Three contact patterns between the overlapping stents were observed in all the cases: edge-to-surface, edge-to-edge, and no contact. The details of each contact pattern and the differences between them are described as follows.
The edge-to-edge contact pattern mainly occurred between two strut edges, with the contact pressure concentrated on the edges of every stent, as shown in Fig. 6 .
The edge-to-surface contact pattern occurred between the strut surface of one stent and the edge of the other. Peak contact pressure only appeared on the stent edge, and no contact pressure concentration was observed on the strut surface, as shown in Fig. 7 . Figure 8 shows an example of overlapping stents with no contact. As shown in Figs. 8(b) and 8(c) , there was a significant gap between the two stents in this contact pattern, and the contact pressure was zero. Table 3 summarizes results for the peak contact pressure in all the four cases after all the loads were released. It shows that the peak contact pressure usually occurred in the edge-to-surface contact pattern on the edge of stent 1.
Although the analysis of peak contact pressure was useful to analyze stent-to-stent interactions, the analysis of stent interactions in other parts was still needed to provide a comprehensive understanding of overlapping stent interactions. Figure 9 summarizes the frequency of different contact patterns under different contact pressure ranges with a load of 1.4 MPa applied on balloon 2. It was seen that a contact pressure greater than 500 MPa only occurred in cases 1 and 4, with an occurrence of three and four times, respectively. The number of contacts in the contact pressure range of 400-500 MPa was 3, 6, 1, and 7 for cases 1, 2, 3, and 4, respectively. In the contact pressure range of 300-400 MPa, the number of contacts was 11, 8, 8, and 7 for the four cases, respectively. The number of contacts was 12, 8, 13, and 8 for cases 1, 2, 3, and 4, respectively, in the range from 200 to 300 MPa.
Discussion

Why There Is No Surface-to-Surface Contact Pattern?
No surface-to-surface contact is observed in all the cases. This phenomenon is possibly caused by the following factors.
The first factor relies on the tubelike structure of stents. The stent struts are distributed in a cylindrical surface instead of a flat plane due to its tubelike geometry, as shown in Figs. 10(a) and 10(b). During the stent overlapping process, stent 1 has been dilated completely before stent 2 is placed inside. The outer surface of stent 2 interacts with the inner surface of stent 1 as shown in Figs. 10(b) , 10(c), and 10(d). In this situation, the contact first appears in the edges of struts as shown in Figs. 10(c) and 10(d) . Even considering the polishing of stents in clinical practice, the strut section still appears as a fan-shape as shown in Fig. 10(e) .
Second, the nonuniform deformation of stents also leads to no surface-to-surface contact in the stent overlap process. The stent struts appeared as a nonconcentric cylindrical surface in the axial direction after complete dilation because of the nonuniform deformation. As shown in Fig. 10(a) , the struts of two stents have been warped and intertwined together, making the heads and ends of the stent no longer a cylinder surface in the axial direction.
One of the reasons for the warped struts was the "dog bone" effect during stent expansion. Figures 11(a) and 11(b) illustrate the typical "dog bone" effect during stent expansion. The main reason for the "dog bone" effect is that the dilation of the balloon at both stent ends is higher than in the central region, leading to greater stent deformation at the ends. This phenomenon also appears in other parts of the stent, which we refer to as the "local dog bone" effect, as shown in Figs. 11(c) and 11(d) . The source of the "local dog bone" effect is similar to the "dog bone" effect: the balloon has extruded through the stent gaps and warps the stent locally, as shown in Figs. 11(c) and 11(d). Figure 11 (e) shows the pressure distribution in the balloon. It demonstrates that the ends of the struts do not contact the balloon directly and that they have been warped. When viewed along the axial direction, the strut ends have warped and the struts of two stents are no longer cylindrical surfaces, as shown in Figs. 11(e) and 11(f).
Thus, during stent expansion, the ends of the struts are warped. As a result, the deformed stent strut is no longer in a cylindrical configuration. As shown in Fig. 11(a) , 11(c), and 11(d), there is nonplanar contact between the two warped struts, thus surface-tosurface contact seldom appears in this condition. The stent interaction often occurs in the shape of the contact patterns as shown in Figs. 6-8. Figure 12 summarizes the statistics for number of stent contacts under different loads applied on balloon 2. When the load applied on balloon 2 is 0.5 MPa, most of the contact patterns were edge-to-edge contact, with only one edge-to-surface contact occurring in case 2. With the load increasing, the contact number of overlapping stents increases. When the load applied on balloon 2 is 0.7 MPa, the number of edge-tosurface contacts was predicted to be more than that when the load is 0.5 MPa, the percent of edge-to-edge contact to all the contact numbers decreased in cases 1-4. When the load was 1.0 MPa, the number of contacts increased in all the four study cases, but the percentage of edge-to-edge contacts decreased. When the load applied on balloon 2 was 1.4 MPa, the contact number of overlapping stents reached the maximum value. All the contacts were edge-to-edge contact in case 2. In cases 1, 2, and 4, the increment rate of contact number of edge-to-edge contact pattern was less than the increment rate of all the contact of overlapping stents.
How Is the Edge to Edge/Surface Contact Formed During Overlapping Process?
Our research suggests that during the overlapping process of two stents, some edge-to surface contact changed into edge-toedge contact (when the load was small the contact pattern was edge-to-surface, with the load increasing, it changed into edge-toedge contact, such as in case 3), and some edge-to-edge contact changed into edge-to-surface contact with increasing load. One of the processes of edge-to-surface contact changing into edge-to- (b) A portion of overlapping stents, the red stent is stent 1 and the blue stent is stent 2, (c) and (d) schematic diagram of the interaction of stent struts whose section is not rectangular but fan-shaped, and (e) SEM picture of an actual stent strut cross section. Fig. 11 Diagrams of the "dog bone" effect and "local dog bone" effect. (a) The "dog bone" effect during stent expansion, (b) the "dog bone" effect as viewed along the axial direction, (c) the "local dog bone" effect during stent expansion, (d) the "local dog bone" effect from 1 to 1 section view, (e) the contact pressure distribution after the load has been released, and (f) the nonuniform deformation of the overlapping stent as viewed from the axial direction. Fig. 12 The statistics of stent contact number at different load ranges applied on balloon 2. The shaded zone represents the number of edge-to-edge contacts and the solid zone represents the number of edge-to-surface contacts.
edge contact is shown in Fig. 13 , and Fig. 14 shows the one of the processes of edge-to-edge contact changing into edge-to-surface contact. Figure 13 shows the evolution of contact pressure during overlapping after edge-to-edge contact appears. The contact pattern is edge-to-surface when the load applied on balloon 2 was 0.5 MPa and the maximal contact pressure of 127.0 MPa occurred in the surface of stent 1. With the load increasing, if the load applied in balloon 2 was 0.7 MPa, the maximal contact pressure of 196.1 MPa occurred in the edge of stent 1. Thus, the maximal contact pressure zone had moved from the surface to the edge. The contact pattern changed from edge-to-surface to edge-to-edge. With the load increasing up to 1 MPa, the maximal contact pressure was 292.2 MPa, the maximal contact pressure zone moved along the edge of stent 1. With the load increasing up to 1.4 MPa, the maximal contact pressure was 352.7 MPa and the maximal contact pressure zone in the edge of stent 1 was expanded. The increased contact pressure indicates a larger level of extrusion between the two stents, and the maximal extrusion zone between the two stents is migrating as the load increases. The phenomenon of migration of the extrusion zone suggests the presence of slip between overlapping stents. Figure 14 shows the evolution of contact pressure during overlap after edge-to-surface contact appears. The contact pattern is edge-to-edge if the dilating pressure remains in the range of 0.5-0.7 MPa. The peak contact pressure in the range of 91.2-147.9 MPa mainly occurred in the edge of stent 2. The peak contact pressure zone in the edge of stent 2 expanded along the Fig. 13 The evolution of edge-to-surface contact changing into edge-to-edge contact during implantation of an overlapping stent Fig. 14 The evolution of edge-to-edge contact changing into edge-to-surface contact during implantation of the overlapping stent edge with the load increased from 0.5 MPa to 0.7 MPa. With the load increasing, the peak contact pressure first occurred in the surface of stent 2 and then edge-to-surface contact appeared, eventually forming in the edge of stent 1 and surface of stent 2. When load was 1.0 MPa, the maximal contact pressure was 182.9 MPa, occurring in the edge of stent 1, and the peak contact pressure of stent 2 was approximately 140 MPa. This suggests that in the overlapping stent, the contact pressure was more concentrated in the edge of stent. At the same time, the contact zone (as marked by the arrow) also is migrating with the increasing load.
In the overlapping process of two stents, the contacts appeared among parts of two stents with the pressure increasing. At the lower load level, most of the contacts were edge-to-edge (as shown in Fig. 12 when the load was 0.5 MPa only one edge-tosurface contact occurred in case 2). Because stent 1 has been dilated with warped struts during the expansion of stent 2, the edge-to-edge contact readily occurs. As the expansion pressure increases, some of stent 2's struts slip along the edges of stent 1. Gradually, some edge-to-edge contacts transform into edge-tosurface contacts. Edge-to-surface contact appears when the applied load is large enough. This is also why most peak contact pressure occurs in the edge-to-surface contact pattern in different study cases, as shown in Table 3 .
Stent Safety.
From a clinical point of view, the edge-toedge contact pattern is more dangerous than the edge-to-surface contact pattern because the stents have a trend of cutting each other during flow pulsation, which is not ideal for stent integrity because the contact pressure is concentrated on the edges. The stent contact pattern and contact pressure distribution may have a close relation with SF. From the simulation results, it is suggested that SF may be more common along stent edges because the strut edge is sharp and the contact pressure is more concentrated.
The predicted results regarding fracture position of overlapping stents are compared favorably with those reported in the literature [25] . In this study, an experiment of overlapping stents under different bending curvatures was carried out to test overlapping stent safety.
As shown in Figs. 6, 7, 13, and 14, whether in the edge-to-edge contact pattern or in the edge-to-surface contact pattern, there is a trend of the struts to cut each other. Shear sliding between the struts becomes severe and could eventually lead to fracture because of the effect of edge-to-edge shear and the long-term exposure to pulsating blood pressure.
In the future, extending the current work to analyze overlapping stents under dynamic conditions such as pulsating flow or dynamic loading can further our understanding on SF mechanisms of overlapping stents.
Conclusions
In this work, the interaction between two overlapping stents was studied. We mainly studied the interaction types, location, and how the interaction between overlapping stents occurs. It was found that all the overlapping contact patterns between struts are edge-to-edge or edge-to-surface. No surface-to-surface contact pattern was predicted by the model. This phenomenon is mainly caused by the nonuniform deformation of stents in the radial direction and the stent's tubular structure during implantation of the overlapping stent. After expansion of the second stent, the contact pressure is primarily concentrated on the edges of the stents, which suggests that the failure of an overlapping stent frequently occurs along stent edges. This study helps better understand the nature of stent overlap and conditions for future research when testing overlapping stents.
Limitations
This work is a preliminary study on overlapping stents. The main aim was to investigate the interaction between two overlapping stents. Many factors such as the stent type, other overlapping modes, the artery, stress analysis, fatigue analysis of overlapping stents, the recoil of the stent after ballooning, and other factors were not included. Fatigue analysis is a particular concern since it is closely related to stent fracture. Here, we predicted SF in overlapping stents as related to their contact interaction. It is just a conjecture at this time, and further research about stent fracture and the mechanical properties of overlapping stents is needed.
